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Method for establishing a correlation between a first state of 
a piezoelectric component and a second state of the component 
and use of said correlation 

The invention relates to a method for establishing a 
correlation between a first state of a piezoelectric 
component, having a piezoceramic element, and a second state 
of the component. A use of said correlation is also specified. 

The piezoelectric component is for example a piezoelectric 
actuator with a monolithic actuator body. The actuator body 
for example comprises a number of piezoelements arranged one 
on top of the other. A single piezoelement has at least two 
electrode layers arranged one on top of the other in a 
stacking direction and at least one piezoelectric layer 
containing the piezoceramic element (piezoceramic layer) 
arranged between the electrode layers. The piezoelements are 
arranged such that electrode layers and piezoelectric layers 
are arranged in an alternating manner one on top of the other. 
Each of the electrode layers, referred to as internal 
electrodes, functions as the electrode layer of adjacent 
piezoelements. For the purposes of electric contact with the 
electrode layers, adjacent electrode layers are guided in an 
alternating manner to two lateral surface sections of the 
actuator body, which are insulated electrically from each 
other. The actuator body has strips of metallic coating on 
each of these surface sections. 
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A piezoelectrically active region of the piezoceramic layer is 
located between the electrode layers of the respective 
piezoelement . Electrical activation of the electrodes causes a 
relatively homogeneous electric field to be induced in this 
region of the piezoceramic layer. Homogeneous deflection of 
the piezoceramic layer results over the entire 
piezoelectrically active region. In contrast every 
piezoceramic layer is piezoelectrically inactive in the region 
of the described surface sections. The alternating guiding of 
the electrode layers to the surface sections causes an 
electric field to be injected into the piezoelectrically 
inactive region of the piezoceramic layer, which is 
significantly different from the electric field injected into 
the piezoelectrically active region of the piezoceramic layer. 
During electrical activation of the electrode layers, in other 
words during polarization and/or during operation of the 
piezoactuator, the different electric (polarization) fields 
cause different deflections of the piezoceramic layer in the 
piezoelectrically active region and in the piezoelectrically 
inactive region. As a result mechanical stresses occur in the 
piezoelement, which can lead to what is known as a poling 
fissure at right angles to the stacking direction. This poling 
fissure can continue into the metallic coating attached to the 
surface sections of the actuator body. This causes a break in 
the electric contact of at least some of the electrode layers 
of the actuator body. 

To reduce the probability of poling fissures occurring during 
polarization of a monolithic actuator body, a specific 
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polarization method is specified in DE 197 56 182 C2 for the 
piezoactuator described above. The actuator body comprises 
several hundred piezoceramic layers and electrode layers 
arranged in an alternating manner. The piezoceramic layers are 
made of a lead zirconate titanate (PZT) . The electrode layers 
are made of a silver-palladium alloy. To produce the actuator 
body, ceramic green films are printed with a silver-palladium 
paste, stacked one on top of the other, separated from the 
binder and sintered in a common manner. 

According to the polarization method, during the application 
of a polarization field a mechanical compressive stress is 
applied at the actuator body, counteracting the elongating 
effect of the polarization field. This reduces the degree of 
the change in expansion of the piezoceramic layer in the 
piezoelectrically active region. A lower level of mechanical 
stress results in the actuator body. The probability of the 
occurrence of poling fissures in the actuator body is thus 
reduced by the method described. 

The poling of the actuator body is however only one of a 
number of work steps required to obtain a piezoactuator that 
is suitable for corresponding applications. One application of 
the piezoactuator is for example the activation of an 
injection valve in an engine in a motor vehicle. The further 
work steps are carried out before or after polarization. For 
example electrical connector elements are attached to the 
metallic coating strips. The actuator body is generally also 
sealed with a plastic compound. This protects the surface of 
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the actuator body against mechanical destruction or against 
electrical arcing between adjacent electrode layers. 
Furthermore the actuator body is not only poled under a 
mechanical compressive stress, it is also operated under a 
mechanical compressive stress. This means that the actuator 
body is pretensioned . To this end the actuator body (sealed 
with a plastic compound) is for example welded into a Bourdon 
spring. 

At the end of the production chain described above, it must be 
verified whether the piezoactuator can be used in the required 
manner. The quality of the piezoactuator must be determined. 
The quality relates in particular to piezoelectric parameters 
of the piezoactuator, for example its d 33 coefficients. It 
often turns out that the piezoactuator produced has 
piezoelectric parameters that exclude the use of the 
piezoactuator. Such an exclusion is frequently due to defects 
that occur due to sintering. 

The object of the invention is therefore to demonstrate how 
information about the quality of an actuator body can be 
obtained after sintering. 

To achieve this object, a method is specified for establishing 
a correlation between a first state of a piezoelectric 
component, having a piezoceramic element, and a second state 
of the component, with the second state of the component being 
generated from the first state of the component by 
polarization of the piezoceramic element of the component. The 
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method has the following method steps: a) provision of a first 
group of components each with the first state, b) 
determination of at least one specific characteristic of each 
of the components of the first group, c) polarization of the 
piezoceramic element of the components of the first group, 
with a corresponding component of a second group resulting 
from each of the components of the first group and having the 
second state, d) determination of at least one specific 
characteristic of each of the components of the second group 
and e) establishment of the correlation by comparing the 
specific characteristics of each of the components of the 
first group and the specific characteristic of the 
corresponding component of the second group. 

According to a second aspect of the invention, the established 
correlation is used to predict the specific characteristic of 
a specific piezoelectric component with the second state from 
the determined characteristic of the specific component with 
the first state. 

The piezoelectric component can be any piezoelectric component 
that is poled for use. The piezoceramic element of the 
component is polarized. The poling of the component or the 
polarization of the piezoceramic element causes a (poling) 
state that is suitable for the operation of the component to 
be generated. This state is the second state of the component. 

The piezoelectric component is a piezoelectric bending 
actuator for example. The bending actuator has a piezoelement 
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or a number of piezoelements arranged in a suitable manner in 
relation to each other. The piezoelectric component is in 
particular a piezoactuator as described in the introduction 
with an actuator body having a monolithic multilayer 
structure. However an actuator body, in which the individual 
piezoelements are not connected together in a monolithic 
manner, is also possible. The piezoelements are for example 
stuck together. 

The idea underlying the invention is to establish an empirical 
relationship (correlation) between the (initial) state of the 
component before polarization of the piezoceramic element and 
the (poling) state of the component after polarization of the 
piezoceramic element. To this end suitable characteristics 
(e.g. physical parameters or chemical composition) of a number 
of the components before polarization are determined, then 
each of the components is poled and the characteristics (e.g. 
piezoelectric parameters) of the components after poling are 
then determined. The correlation is determined by comparing 
the characteristics of the components in the initial state 
with the characteristics of the respective component in the 
poling state. With knowledge of the correlation, it is 
possible to estimate the characteristics of a specific 
component that can be expected after poling beforehand based 
on the characteristics of the component in the initial state. 
It is possible to conclude the characteristics of the 
component obtained after polarization of the piezoceramic 
element with a certain probability. It is therefore possible 
to make an initial selection for the further treatment of the 
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components. Components, the expected characteristics of which 
are not within a tolerance range to be specified, are rejected 
and not processed further. If the expected characteristics 
based on the determined correlation are within the tolerance 
range, the component is released for further processing. It is 
possible with the described procedure to carry out quality 
assurance at a relatively early stage of production of the 
piezoelectric component. 

According to a particular embodiment a number of specific 
characteristics of the component with the first state are 
determined and used to establish the correlation with the 
specific characteristics of the component with the second 
state. This means that more than one characteristic of the 
component in the first state is determined, in order to 
conclude the characteristic or characteristics of the 
component in the second state. By determining more than one 
characteristic of the component in the state before 
polarization, it is possible to increase the reliability of 
the prediction about the characteristics of the component in 
the state after polarization. This helps make the prediction 
about the suitability of a component for a specific 
application more reliable. 

In a particular embodiment the specific characteristic of the 
component with the first state is selected from the group loss 
angle (tan 5) of the piezoelectric layer, insulation 
resistance of the piezoelectric layer, density of the 
piezoelectric layer, relative permittivity of the 
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piezoelectric layer, ferroelastic behavior of the component, 
module of elasticity (E module) of the component, longitudinal 
sound velocity of the component and/or temperature sensitivity 
of the capacity of the component. At least one physical 
parameter is selected from those mentioned. As specified 
above, preferably more than one of the listed physical 
parameters is determined, to establish the correlation between 
the states of the component. 

The component is energized mechanically for example to 
determine the modulus of elasticity or sound velocity. 
Ferroelastic behavior is determined for example by a one-off 
compressive load on the component. What is referred to as a 
stress-strain curve can be acquired by applying a compressive 
stress to the component (compressive load on the component) . 
With a smaller compressive stress the elongation of the 
component is a linear function of the applied compressive 
stress. With a greater compressive stress the elongation is no 
longer a linear function of the compressive stress. To 
determine the ferroelastic behavior of the component, the one- 
off compressive load is applied into the non-linear region of 
the stress-strain curve as described. Ferroelastic behavior is 
for example characterized by the compressive stress at which a 
deviation from linearity is observed and by the residual 
change in length (shortening) of the component after the 
compressive load, as induced by the compressive stress. A 
further variable is what is referred to as coercive pressure, 
in other words the compressive stress required to depolarize a 
poled component again. 
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The piezoceramic element of the component can thereby form a 
composite material together with further materials. In the 
case of a piezoelement as described above, the piezoelectric 
layer can for example comprise a polymer matrix, in which 
piezoceramic particles are embedded. However the piezoelectric 
layer is preferably formed solely by the piezoceramic element. 

The piezoceramic element can be any piezoceramic material or a 
mixture of a number of piezoceramic materials. A lead 
zirconate titanate ( Pb (Ti , Zr ) 03 , PZT) in particular is used as 
the piezoceramic element. The PZT is a perovskite (AB0 3 ) . The 
A sites of the perovskite are occupied by lead. The B sites of 
the perovskite are taken up by titanium and zirconium. The 
lead zirconate titanate can thereby also be doped. For example 
the PZT has rare earth doping. 

When a piezoceramic with lead zirconate titanate is used, in a 
particular embodiment a ratio of a rhombohedric part by volume 
with a rhombohedric phase and a tetragonal part by volume with 
a tetragonal phase is used as the specific characteristic of 
the component with the first state. The PZT mixed crystal 
system ( PbZr x Ti (1 _ x) 03) is characterized by a continuous 
miscibility of the lead zirconate (PbZr0 3 , PZ) and the lead 
titanate (PbTi0 3 , PT) . At a temperature above the Curie 
temperature (T c ) the PZT crystallizes irrespective of the 
zirconium-titanium ratio in a paraelectric, cubic perovskite 
structure. If the temperature is below the Curie temperature, 
spontaneous distortion of the cubic lattice occurs. Different 
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phases thereby result as a function of the zirconium-titanium 
ratio. Titanium-rich mixed crystals (0.47 > x > 0) form a 
ferroelectric mixed crystal phase with a tetragonal lattice 
structure (tetragonal phase) at room temperature. Crystallites 
of the tetragonal phase are characterized by 180° and 90° 
domains. Zirconium-rich mixed crystals (0.47 < x < 0) in 
contrast form a ferroelectric mixed crystal phase with a 
rhombohedric lattice structure (rhombohedric phase) at room 
temperature. Crystallites of the rhombohedric phase are 
characterized by 180°, 71° and 109° domains. The zirconium- 
titanate ratio at which both ferroelectric phases are present 
is referred to as the morphotropic phase boundary. The 
morphotropic phase boundary thus refers to a region of 
coexistence, in which the tetragonal phase and the 
rhombohedric phase exist side by side. 

It has proven that the ratio of the part by volume of the 
tetragonal phase to the part by volume of the rhombohedric 
phase has a strong influence on the piezoelectric 
characteristics of the poled component. It is deduced from 
this that with knowledge of the ratio of the parts by volume 
it is possible to conclude the piezoelectric characteristics 
of the component with a high level of probability. It is 
verified whether the morphotropic phase boundary is present 
after sintering. If the morphotropic phase boundary is 
present, a conclusion can be drawn with a certain probability 
about whether the component subsequently obtained after 
polarization will have the necessary piezoelectric parameters. 
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X-ray structure analysis can be used to determine the 
morphotropic phase boundary. This analysis however only gives 
the ratio of the surface elements of the phases on the surface 
of the component being examined. The ratio of the parts by 
volume can be concluded from the ratio of the surface 
elements . 

To avoid the transfer from the ratio of surface elements to 
the ratio of parts by volume as described, which is subject to 
a high level of uncertainty, parameters are preferably 
determined, which react in a very sensitive manner to the 
ratio of the parts by volume of the two phases. In particular 
the determination of the physical parameters described above 
is used to determine the morphotropic phase boundary. These 
parameters react in a very sensitive manner to the ratio of 
the parts by volume of the tetragonal and rhombohedric phases 
of the piezoceramic element to each other. Thus for example it 
is possible to determine the ratio of the parts by volume by 
determining the density (from the dimensions and weight of the 
component) . The greater the density, the larger the proportion 
of the rhombohedric phase. Also the determination of the 
relative dielectricity constant of the piezoceramic element 
from measured capacity at a defined temperature (e.g. 20°C) 
and precisely determined structural data of the component 
(e.g. layer thicknesses of the piezoceramic layer and the 
electrode layers of a piezoelement ) are highly suited to the 
determination of the morphotropic phase boundary. The further 
parameters mentioned above are loss angle (tan 5) of the 
piezoelectric layer, insulation resistance of the 
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piezoelectric layer, ferroelastic behavior of the component, 
module of elasticity (E module) of the component, longitudinal 
sound velocity of the component and/or temperature sensitivity 
of the capacity of the component. In order to be able to draw 
a relatively precise conclusion about the morphotropic phase 
boundary, a number of the described physical characteristics 
are preferably determined. 

The characteristics of the component are generally determined 
after the component has been sintered and before it has been 
further processed. In this state the component is not poled. 
In a particular embodiment however components of the first 
group are used, the first state of which is characterized by 
partial polarization of the piezoceramic element. Prepoled or 
weakly poled piezoceramic components are used. The components 
are preferably poled such that no prior damage occurs to the 
component. A poling fissure, as described above, in an 
actuator body having a monolithic multilayer structure would 
be such prior damage. To prevent poling fissures in the 
actuator body, the piezoceramic element of the actuator body 
is polarized to a degree that is far removed from polarization 
saturation. It should be noted that no poling fissures are 
present in the residual state, in other words in the 
permanently poled state. 

A unipolar polarization field is generated to polarize the 
piezoceramic element of the components. A unipolar 
polarization field with "direct field strength" is therefore 
used. A linear ramp (increase or decrease in the field 
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strength over time) and/or retention time of the field 
strength can thereby be provided. It is also possible to have 
a polarization field with a pulsing direct field. The 
frequency of such a polarization field is thereby preferably 
selected such that no heating of the piezoceramic element 
results . 

There are various options for partially polarizing the 
piezoceramic element of the components. Preferred polarization 
methods and preferred conditions, in which the polarization 
method is implemented, are set out below. The polarization 
methods and conditions, in which the components are prepoled, 
should be used according to the components or can be combined. 

For the purposes of partial polarization, the piezoceramic 

element of the components is for example polarized without 
pressure at room temperature. This means that no mechanical 
compressive stress is exerted on the component during 
application of the polarization field. All the 180° domains of 
the crystallites of the tetragonal phase and the rhombohedric 
phase are thereby predominantly switched in the field 
direction . 

Alternatively for the purposes of partial polarization, the 
piezoceramic element of the components is polarized at a 
polarization temperature that is higher than room temperature. 
Room temperature is considered to be around 20° C with a 
deviation of up to + 10° C. The component can thereby be 
heated to a temperature that is below the Curie temperature of 
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the piezoceramic element during the entire poling process. A 
polarization field with relatively low field strength is then 
applied as the component cools to room temperature. The field 
strength of this polarization field is for example less than 
100 V/mm. 

For the purposes of partial polarization of the piezoceramic 
element, a mechanical compressive stress can also be exerted 
on the piezoceramic element of the component. Pressure 
polarization then takes place. The compressive stress applied 
can thereby be below the compressive stress, at which the 
component may later be operated. For example, in the case of 
an actuator body having a monolithic multilayer structure, a 
pressure of 10 MPa to 20 MPa can be applied during poling of 
the component. 

In the case of a weakly poled component, the above-mentioned 
physical measured variables to be determined can be used to 
establish the correlation. In particular, to determine the 
morphotropic phase boundary and thus to establish the 
correlation, a relative permittivity of the piezoceramic 
element before weak poling (e rv ) and a relative permittivity of 
the piezoceramic element after weak poling (e rn ) can be 
determined. The relative change in permittivity (s rn - s rv ) 
/e rv ) is a measure of the ratio of the parts per volume of the 
rhombohedric phase and the tetragonal phase. The field 
dependency of the polarization charge (P(E)) and the maximum 
polarization P max similarly result in a usable correlation 



AUSO 1:427367. 1 



PCT/EP2005/050111 / 2003P16523WOUS 

ENGLISH TRANSLATION OF THE INTERNATIONAL APPLICATION 

FOR NATIONAL PHASE SUBMISSION 
15 

between the initial state and the poling state of the 
component . 

It should also be noted that no disadvantages have to be 
offset against the described weak poling of the component. As 
set out above, poling is configured such that no damage occurs 
to the component. Furthermore the weakly poled piezoelectric 
component can be converted to an unpoled state for further 
processing using known methods. For example the weakly poled 
component can be depolarized by heating to above the Curie 
temperature or by applying an alternating field with an 
amplitude that decreases over time. 

As far as the use of the correlation is concerned, the quality 
of a component is preferably judged based on the prediction 
possibility. Furthermore the correlation is used to configure 
a polarization method, with which the piezoceramic element of 
the component can be polarized such that a component with a 
specific second state is obtained. The specific 
characteristics of the component and the determined 
correlation give an indication of how the polarization method 
must be configured to obtain a functional component. For 
example information is obtained about whether the component 
should be polarized under a specific compressive stress. 

As mentioned above, any piezoelectric components can be used. 
A piezoelectric component is preferably used that has at least 
one piezoelement with at least two electrode layers arranged 
one on top of the other and at least one piezoelectric layer 
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containing the piezoceramic element arranged between the 
electrode layers. According to a particular embodiment a 
multilayer actuator, in which a number of piezoelements are 
arranged to form a stacked actuator body, is used as the 
piezoelectric component. 

To summarize, the present invention has the following 
significant advantages: 

- With the invention it is possible, at an early stage of the 
production of a piezoelectric component, having a piezoceramic 
element, to estimate the piezoelectric characteristics of said 
piezoelectric component and therefore its quality after 
polarization of the piezoceramic element. Components, which 
with all probability will not achieve the required 
piezoelectric parameters, can be excluded from further 
processing. This results in a significant reduction in 
production costs. 

- With the invention a defined interface can be set up between 
component producers and component processors (system users) . 
The system user is supplied with a semi-finished product not a 
finished product. The unfinished product is for example what 
is known as a "bare stack", in other words a sintered, unpoled 
actuator body having a monolithic, multilayer structure, to 
which only the strips of metallic coating have been attached. 
Such an actuator body is characterized with the aid of the 
invention . 
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- The physical characteristics to establish the correlation 
and to be determined subsequently from the individual 
component as set out in the invention are simple to determine. 

The invention is described in more detail below based on a 
number of examples and the associated figures. The figures are 
schematic and do not represent scale diagrams. 

Figure 1 shows a method for establishing the correlation. 

Figure 2 shows a cross-section of a piezoelectric component 
in the form of a piezoactuator with an actuator body having a 
monolithic multilayer structure. 

Figure 3 shows a lateral cross-section of a piezoelement of 
the piezoactuator from Figure 2. 

The piezoelectric component 1 is a piezoactuator with an 
actuator body 20 having a monolithic multilayer structure with 
a square base surface (not shown) (Figure 2) . In this actuator 
body 20 a number of piezoelements are stacked one on top of 
the other in the stacking direction 21 of the actuator 20 and 
connected securely. The actuator body is made up of up to 1000 
individual layers in total. A single piezoelement 10 thereby 
has a piezoelectric layer 13 made of a piezoceramic element 
(Figure 3) . The layer thickness of the piezoelectric layer 13 
is 20 urn to 200 um. The piezoceramic element is a PZT. The 
piezoelectric layer 13 of the piezoelement 10 is located 
between one electrode layer 11 and a further electrode layer 
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12 of the piezoelement 10. The electrode material of the 
electrode layers 11 and 12 is a silver-palladium alloy. The 
layer thickness of the electrode layer is 1 jam to 3 urn. The 
electrode layers 11 and 12 are arranged on the main surfaces 
of the piezoelectric layer 13 such that electrical activation 
of the electrode layers 11 and 12 causes an electric field to 
be generated in the piezoelectric layer 13. This electric 
field can function as a polarization field during poling of 
the actuator body, causing the piezoceramic element to be 
polarized. During operation of the piezoactuator 1 the 
electric field, in conjunction with polarization of the 
piezoceramic element, causes a specific deflection of the 
piezoelectric layer 13 and thus a specific deflection of the 
piezoelement 10. 

For the purposes of electrical contact the electrode layers 11 
and 12 are guided to two surface sections 14 and 15 that are 
insulated electrically from each other. At these points the 
two electrode layers 11 and 12 are each connected to an 
electrical connector element (not shown in Figure 3) . Because 
the electrodes 11 and 12 are guided to different surface 
sections 14 and 15, each piezoelement 10 has one 
piezoelectrically active region 16 and at least two 
piezoelectrically inactive regions 17. 

Because a number of piezoelements 10 are stacked one on top of 
the other in the actuator body 20 having a monolithic 
multilayer structure, it is possible to achieve a relatively 
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high absolute excursion along the stacking direction 21 of the 
actuator body 20 with a relatively low activation voltage. 

Adjacent piezoelements 10 each have a common electrode layer, 
such that electrode layers 22, 23 and piezoelectric layers 24 
are stacked one on top of the other in an alternating manner 
in the actuator body 20. 

The electrode layers 22 and 23 of the actuator body 20 are 
guided to two lateral surface sections 25 and 26, which are 
insulated electrically from each other. The surface sections 
25 and 26 are located at the corners of the actuator body 20. 
To produce the actuator body 20, ceramic green films are used 
with a square base surface, each being free from electrode 
material at one corner, being stacked correspondingly one on 
top of the other and being sintered in a coition manner. Strips 
of metallic coating 27 and 28 are attached to both the surface 
sections 25 and 26, such that the electrode layers 23 and 24 
have electric contact in an alternating manner. The actuator 
body 20 thus obtained is referred to as a "bare stack". 

According to the method, a correlation is established between 
a first state and a second state of the actuator body 20. The 
first state of the actuator body 20 corresponds to the state 
after attachment of the metallic coatings 27 and 28 to the 
surface sections 25 and 26 of the actuator body 20. The 
actuator body 20 is thereby unpoled according to a first 
exemplary embodiment. In an alternative exemplary embodiment 
the actuator body 20 is weakly poled in the first state. In 
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both instances the second state is the poling state of the 
actuator body 20, in which the actuator body 20 is operated. 

To establish the correlation, a number of such actuator bodies 
20 is first provided (Figure 1, 101) . A number of specific 
physical characteristics are then determined on each of the 
actuator bodies 20 (Figure 1, 102) . These include the density 
of the piezoceramic element, the temperature sensitivity of 
the capacity of the actuator body 20 and ferroelastic 
characteristics of the actuator body 20. These characteristics 
can be used to determine a further characteristic, namely to 
determine the morphotropic phase boundary of the PZT. 

After determining the characteristic or characteristics of 
each of the actuator bodies 20, the actuator bodies 20 are 
poled by applying corresponding polarization fields. The PZT 
of the piezoelectric layers 24 is polarized (Figure 1, 103) . 
Poling thereby takes place under a compressive stress, which 
is applied to the actuator body 20 such that it counteracts 
the elongating effect of the polarization field. 

The piezoelectric characteristics of each of the poled 
actuator bodies 20 are then determined (Figure 1, 104) and 
related to the determined characteristics of the respective 
unpoled actuator body 20 (Figure 1, 105) . The comparison of 
the determined individual relationships served to establish 
the applicable correlation between the initial state of the 
actuator body 20 and the poling state of the actuator body 20 
for the type of actuator body 20. 
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The correlation thus established is used to characterize an 

actuator body 20. The actuator body 20 is measured in the 
initial state, in other words in the state after attachment of 
the metallic coatings (unpoled or weakly poled) . The 
characteristic or characteristics used for the correlation 
is/are determined. The data thus obtained can be used to 
estimate the probability that after poling (including further 
processing steps) the actuator body 20 will have piezoelectric 
parameters that are within a specified tolerance range. Based 
on this estimation, the actuator body 20 is either supplied 
for further processing or excluded from further processing. 
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